It is well known that the pressure and fluid oscillations due to steam condensation can occur when steam is discharged into pool water through vent tubes in pressure suppression type containment at a postulated loss-of-coolant accident (LOCH). For these years a lot of researches through experiment or analysis have been made on this subject in the world. And it has been made clear that these phenomena may be dominated by the subcooling of the pool water, the steam flow rate, the diameter and the length of a vent tube, the volume of the header and many other experimental conditions.
Through observation and frequency analysis, it has also been made clear that there exist intermittent, periodical and condensation oscillations.
The first accompanies chugging fluid oscillation, the third is due to continuous steam condensation and the second is thought to be middle of above two types. The frequency is said to become higher in the order of intermittent, periodical and condensation oscillation.
In this way the phenomena have already been made clear to some extent.
However the phenomena are very complicated and the experimental parameters are very many. And physical explanation on the relation between each experimental parameter and the phenomena has not been made enough.
* Shinkawa , Mitaka-shi, Tokyo 181. Figure 1(a) shows the conceptual arrangement of experimental apparatus. This apparatus consists of the steam header equivalent for drywell, the pool water tank equivalent for wetwell, and the vent tubes connecting those. The steam flow rate into the header is controlled by the orifice diameter and the pressure in the upper stream of the orifice. An appropriate orifice is chosen depending on the steam mass flow rate GIN so as to make the flow at the orifice critical. Then GIN can be kept constant in one run of the experiment.
The pressure at the air space of pool water tank is always atmospheric pressure p0 (101.3 kPa).
As the experimental parameters, the volume of header, the number of vent tubes, and the length, the submergence and the inner diameter of a vent tube were chosen.
The experiments are divided into two series. In Series 2, an effort was made to seek the threshold of chugging occurrence of which existence had already been verified from the results of series 1, and to obtain the detailed wave shape of the pressure oscillation in the vent tubes and the header. Figure 1 (b) shows the locations to install thermocouples (theath diameter 0.25 mm and time constant 2 ms) and a semi-conductor type pressure transducer (natural frequency 100 kHz) in the center tube. The same type pressure transducer was used for the measurement of the header pressure.
Experimental
Results and Considerations
( 1 ) Summary of Experimental Results in Series 1
(1) Figure  2 shows When the steam mass flux increased to over 28 kg/m2-s (see Fig. 2 (i)), the header pressure scarcely changes, the interface is always in the pool water, and then any chugging does not occur. From these facts, it can be said there exist upper and lower thresholds of chugging phenomenon against the flow rate. Such thresholds have been confirmed also by Arinobu et al. (1) as the range of intermittent condensation.
Except the wave shape, there are no clear bases to subdivide each mode. However, the wave shape is apparently different in each submode. For example, submodes 3-3 and 3-4 are very similar, but the former has the vestige of twin-type oscillation, which is typical in submode 3-2, and then its frequency is lower than that of the latter. Figure  4 shows the relation (3) Figure  6 shows the influence of the number of vent tubes on the wave shape of it is thought that chugging is taking place. (Strictly speaking, the chugging threshold should be measured with a thermocouple placed at the exit of a vent tube. As the back flow of the water column into the vent tubes reaches some dozen centimeter with the growth of chugging, however, the error is supposed to be little even if the chugging threshold is judged from the temperature of thermocouple T3 which is located 1 cm above the vent exit.) Figure 11 shows the relation between the pool water temperature and the steam mass flux at the upper threshold of chugging occurence measured with the above method. The steam mass flux at the upper threshold is distributed almost on a straight line against the pool water temperature.
There are little differences in the upper threshold measured under each experimental condition.
(2) Figure 12 shows typical raw data of vent pressure pv, header pressure pi, and temperature T, near the vent exit. pv includes high and middle frequency oscillations. The amplitude of high frequency is much larger than that of middle one (see Fig. 13 also). pD includes low frequency in addition to high and middle frequencies. The amplitude of high frequency of pD is almost extinguished, however.
These lead to the fact that the steam volume which controls the predominant frequency becomes smaller when its frequency gets higher. It can be also seen in Fig. 12 that as the pool water temperature becomes higher, the oscillation components of pv and pD disappear earlier in the order of high, middle and low frequency . Based on the experimental results mentioned above, an analytical model was prepared to simulate the chugging phenomenon and the header pressure oscillation.
The following attention was paid to model the phenomenon :
(1) While chugging occurs, the steam-water interface goes up and down largely in and out of vent tubes, so the interface motion is modeled as a one-dimensional motion in the direction of the vent axis. Accordingly, the form of the interface becomes cylindrical when the interface is in the pool water.
(2) As the chugging frequency is around 8 Hz at the most in the present experiments, the thermodynamical condition in the header can be regarded as being uniform in space. Chugging are coincident with the low frequency of header pressure oscillation. Therefore it is supposed that there is no difference among vent tubes.
(3) In order to simulate the periodical change of water temperature near the steamwater interface, which was mentioned in the former section II -2 ( 2 )-(3), the mixing effect with cool water is modeled by presuming a temperature boundary layer on the water side of the interface.
And condensation heat transfer between this boundary layer and steam is assumed.
This mixing effect with cool water is supposed to also simulate another cooling effect of the boundary layer while the interface descends in vent tubes. This cooling effect is caused by the water supplied from cool water below to the boundary layer in order to compensate the water removed from the layer as water film attached on the vent inner wall. The existence of the latter cooling effect is understood from experiments by the authors or Saito et al (3) , in which the interface oscillate only in vent tubes at a certain low steam flow rate.
(4) A hypothetical water column(4) is imagined to be below the tip of the real water column in order to simulate the inertia of pool water. The equation of motion is applied to the total water column of this hypothetical and the real ones.
(5) Buoyancy and surface tension are regarded to effect so little on the chugging phenomenon as to be ignored. Figure 14 schematically explains the analysis object, based on the modeling of the chugging phenomenon mentioned above.
Basic Equations of Analysis Model
( 1 ) State of Steam in Header Concerning the change of mass and internal energy of the steam in the header, the following equations hold : ( 1 ) 
where On the other hand, the following relation holds between QCON and heat transfer rate QF which contributes to raise the temperature of water boundary layer due to steam condensation :
QF=QCON+ CPLGCON(T S-T F) . ( 7 )
The second term of Eq. ( 7) stands for the effect of condensed water. 
Moreover the following equation regarding GOUT and GCON is derived from Eqs. ( 2) and ( 9 ) :
(10)
Method of Calculation
The explicit method is adopted in the calculation, and the header pressure, the location of the steam-water interface and so forth are derived. That is, if QD (treated as constant) is given, the pressure pD the temperature TD and the dryness degree of steam in the header are calculated with an iterative method by using steam table until pD and TD correspond to MD and ED calculated from Eq. ( 1 ). On the basis of PD, PSI and duL/dt are calculated from Eqs. ( 3 ) and ( 4 ) respectively, and interface location z and its moving velocity uL are answered. Then pB, QCON and QF are decided by using Eqs. ( 5 ) IV.
RESULTS OF ANALYSIS 1. Input Parameters Table 2 shows values of the whole parameters used in the analysis for the chugging phenomenon.
The left column of the table shows the parameters of which values are fixed from the experimental conditions.
The value of heat loss from the header QD was decided from GIN when the interface almost stops in vent tubes. 26 The right column of the table shows the calculational parameters whose value can be chosen arbitrarily.
Of these parameters, values of xIN and xOTU were referred to Mechanical Engineering Handbook edited by JSME. The other parameters h, lm,Cx and r show the values when calculated wave shape of pressure oscillation corresponds well to the shape gained in the experiment at TL=20dc, VD=0.04 m3 and n=5.
Condensation heat transfer coefficient of 2.26 x 106 W/m2¥K in Table 2 is several times of the value at condensation oscillation measured by Kozeki et al. (6) The heat transfer coefficient in this report is defined against the subcooling of water boundary layer Ts-TF while Kozeki et al. define it against the subcooling of pool water T s-T L. And the average of Ts-TF in this analysis is nearly 1/10 of TS-TL (see Figs. 18 and 19 ). Therefore the value of h in Table 2 is virtually about a half of Kozeki et al.'s data. As frequency of chugging is rather low compared with middle and high frequencies, the steam condensation at the interface is thought to be controlled by heat transfer.
Then above value of h can be used in all modes of chugging.
Results of Anaysis
( 1 ) Steam Flow Rate and Oscillation Mode Figure 15 shows the result of analysis when the steam flow rate is varied under the typical experimental condition of dv=0.018 m, lH=0.25 m, /"-=0.5 m, n=5, VD=0.04 m3 and TL =20-C.
The condition of the analysis is the same as that of the experiment shown in Fig. 2 , except vent submergence and a little difference in pool water temperature.
As shown in Fig. 15 , though the header pressure and the interface location oscillate little when the steam flow rate is below a certain amount. (see Fig. 15(a) ) The amplitudes of both oscillations increase gradually as the flow rate increases. If the flow rate increases more, the amplitude of both oscillations decreases with the increase of oscillation frequency. And finally these amslitude become almost extinct. (see Fig. 15(j) ) The relation between these steam flow rate and header pressure oscillation corresponds well to the tendency of the experimental result shown in Fig. 2 . More detailed comparison is as follows :
The twin wave shape of pressure oscillation which appears in Figs. 2 (d) and (e) are simulated in Figs. 15(d) and (e). When the interface descends in vent tube, the temperature of water boundary layer descends due to a kind of mixing effect with the cool water which was explained in previous sections III-1(3) and III -2-( 5 ). Then the steam condensation at the interface becomes active, and the header pressure becomes negative (lower pressure than the atmospheric pressure). When this negative pressure is large enough to stop the downward movement of water column, the interface in vent tubes can not reach the pool water and begins to ascend again. As this negative pressure is not so strong as that when the interface comes out in the pool water, however, the height of this ascent is small. At the next descent, the interface reaches the pool water, and the ascent becomes higher with stronger negative pressure in the header. This is the explanation from the results of the analysis on the mechanism to bear Table 2 Values of parameters used in chugging analysis When the steam flow rate is over a certain upper threshold, any chugging does not occur as mentioned already.
At this time in the experiment, the interface is always in the pool water, and the header pressure oscillates a little (Fig. 2(i) ) due to bubble release at the interface.
However, in the analysis, the interface moves downward in the pool water with small oscillations or monotonously (Fig. 15(j) ), because the analysis model does not treat bubble release. The steam mass flux for Fig. 15( j) is 22 kg/m2¥s. This value is almost corresponding with the experimental mass flux at the upper threshold. (see Fig. 11 ) ( 
) Influence of Experimental Parameters
The analytical results are compared in Fig. 16 regarding the cases where the header volume is 0.04 and 0.01 m3. This figure supports the tendency of the characteristics shown in Fig. 7 . Figure  17 shows the analytical results when the number of vent tubes is 1, 5 and 9, while the steam mass flux is fixed. When the number becomes larger, the amplitude of pressure oscillation is also larger. This coincident with the experimental result.
In the experiment, the pressure oscillation in the header becomes maximum at a certain value of water temperature TL, and chugging disappears at TL=80dc or more. On the other hand, the pressure oscillation in the analysis becomes more violent with the ascent of TL. This is because that the influence of bubble buoyancy becomes great at high pool water temperature due to largesized steam bubble whereas its effect is not taken into consideration in the analysis. And then the form of the interface is greatly different from cylindrical at high pool water temperature.
Regarding the influence of lv and lH on the pressure oscillation in header, the same tendency as that of the experiment was obtained. Average temperature of water boundary layer could not be measured in the present experiments, it plays an important role in the analysis for chugging, however. Figure 18 shows the influence of experimental parameters GIN and TL on the calculated boundary temperature TF. The condition of Fig. 18(a) , which is consistent with that of Fig. 10(e) , is chosen as the standard case. Except GIN or TL, the calculational conditions of other semi-figures are the same as that of Fig. 18(a) . Sharp drops of TF are caused by the mixing effect with cold pool water when the steam-water interface reaches the exit of vent tubes. Mild changes of TF are caused by the cooling effect explained in Sec. III-1 while the interface descends in vent tubes. The latter cooling effect brings about also a mild descent of TF before every sharp drop.
A sharp and a mild changes of TF in Fig. 18(a) correspond to the large and the small amplitudes of twin type pressure oscillation in Fig. 15(e) respectively. Fig. 18 (b-1) shows the case of triplet type oscillation when GIN decreases. GIN of Fig. 18 (b~2) is the same as that of Fig. 15(f) . Some irregularity of the temperature oscillation can be seen in Fig. 18 (b-2) whereas no such irregularity of the pressure oscillation or the interface motion can be seen in Fig. 15(f) . Fig. 18(c-1) shows that lower pool water temperature Table 2 . Table 3 shows the influence of all calculational parameters on the frequency and the amplitude of pressure oscillation in the header. If mixing coefficient with cool water Cx is too small, up and down type fluid oscillation in vent tubes which occurs at low steam flow rates is hard to come about. And if this coefficient is too large, even at high flow rates, the interface oscillation occurs only in vent tubes and the interface never reaches the pool water. (see Fig. 19 (a-2) )
When the heat transfer coefficient h becomes larger or when the height of hypothetical water column lM becomes smaller, the frequency of oscillation increases. (see Figs. 19(b-2) and (d-2)) If the thickness of interface boundary layer r is too large, the interface continues to rise in vent tubes with oscillations. (cf. Fig. 19 (c-2) ) If r is too small, the frequency of pressure oscillation increases. (see Fig. 19 (c-1) ) Figure 19 shows the influence of calculational parameters Cx, h, r and lM on the calculated average boundary layer temperature TF. The reference case for Fig. 19 is Fig.  18 (a) . Then the influence of each parameter can be seen by comparing with Fig. 18 (a) . Subscript 0 corresponds to the value of each parameter in Table 2 . Figures 19 (a-2) and (c-2) show mild changes of TF when the steam-water interface oscillates only in vent tubes. Figures 19 (b-1) and (d-1) correspond to twin type pressure oscillations.
In the same way as Fig. 18(b-2) , the irregularity of the temperature oscillation in Figs Table 2 is changed to 1.5 dv(0.027 m), the analytical result can be improved to some degree as shown in Fig. 20(b 
